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(Manuscript received 5 October 1987, in finad form 5 April 1988)

ABSTRACT'

Studies of satelit imagery and space shuttle photographs of the western Mediterranean have indicated that
the main path of inflowing Atlantic Water is around two lag anticyclonic gyre in the Alboran Sea and along
the Algerian Cost. These studies have also shown that a strong ocean front is present between Almeria, Spain,
and Oran, Algeria, which is Part of the easternmost segment of the Eastern Alboran Gyre. Based on these
satellite studies, the first in situ investigation of the front, aled here the Almeria-Oran Front, was conducted
in March 1986 as part of the winter campaign of the Western Mediterranean Circulation Experiment (WMCE).
Analyses of the resulting data show that the Alnueia-Owa Front is a larg-scale density front, formed by the
convergence of two distinct water masses and controfledl by the geographic position and strength of the Eastern
Alboran Gyre. Physical and biochemical dat indicate that the front as limited to the upper 300 m, with a strong
southwvard baroclinicet. The secondary ageastrophic circulation is characterized by surface convergence, along-
isopycnal sinings and upwelling on the western side of the front.

1. Introducedalb noix 1974; Lacombe and Tchernia 1972; Gascard and

The Mediterranean Sea is an evaorative, semi-en- Ricbez 1985; Parrilla et al. 1986). The incoming AW
doedswho se only susata concto toth salinity varies during its eastward migration through
world ocean is the Strait of Gibraltar. Atlantic Water the Alboran-from 36.2 to 36.5 psu (practical salinty
(AW) &lWing through the Strait into the Mediterm- ufllts)-belflg chiefly modified by upwefled Levantine

nea Se a th srflce verids dew IW fdoseIntermediate Water (LIW) and AW previously made
edranean t ters outpurings ant deee Atlntic more saline. The Modified AW (MAW), which forms

Medsitena A -we l out ongt te Atanic the upper layer of the sea, ranges from 150 to 200 mn
thn suhae saW and re csbthe susr* utoo eorted in the center of the basins to 50 mn near the Spanish

within tesaadte.bufc ufo fMdtr coast. LJW, charwcerized by both temperature and sa-
rTne tw boln fb loa onaetefrtM& nity maxima, is generally found between 200 and 600

iterann bgig ecou~e bytherepacmen AW m, while Mediterranean Deep Water (MDW) with
tenuni ban enoutee a y thereaince M t W we tepraux n salinity is found below the

of the. abI1I of the ftodW. AW lIehU3' M W crlainsmotyaiiy- Pnl= ~ ~~~~Although the regional cruaini otyslntMeditdraneen watew o&~~4n u s M in e$g, I&- driven, proper interpretation of satellite thermal im-

MAW (LA Violte 1984; Amnone and La Violete
Ohss @INA= DipL otAtmoiplckSelas Univenty of 1986). This imagegry indicates tha the -ea surface

*d*cent anticyconic Syre (called the Westernan
comw ft dw ~km r ip" eson*LjilksEastern Alboran Gyros) that in their mean position

UlrT ~df In I" YMd a~k9dt ovea* the two bagin (F*g 1).

*lIM Anoa MW inb

. . .,.

J, ;f-
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rqool irultin.Aswih heaie stelie nuir i ti Owae, ti OAAHRI

hasp*s wa ehee o ectrpoEcdAndS hneT oso h oenfaue.(otm

Fa1(o)A schematic drawingim of the Arouatia Sdnh~iu h eatu , di*owin the santellit thea

img (aft Amnone at aL 1968).

Short-term (three to fourt week) pattern variations boren Gyro and the orientation of the flow along the
do occur, which vary substantdaly from the bug-term Algenan Coast are coupled (Heburn and La Violette
mean position of the two uam On occaion one or 1987). Thus, understanding the processes that take
the other gyre my oobpu.(Pigs 2a, b) (Perkins et al. place in the Eastern Alboran Gyre is an important step
1"8?; iHuau and La VlobeU 1987). Numerica mod- toward understanding one of the ma*o circulation ele-

chg usd to sady the dyawics of the western Medi- ments in the western Mediterranean Sea.
terranean Sea under the isflvee of various Ibreing Satellite imagery indicates that part of the MAW

mecasnims, iLe., wids, inflow/outflow through the flow close to the South Spanis coas until it roaches
straits, and buoyancy, islkWt tdot the conmay be Cap Ga&W and that east of the cape, resident Medi-
variat in the subsure flow of MAW (Hebun termnean wate flows southwest along the eastern
and IA Viobst 1967; Wener at al. 1988) Spanish coast. Therefore, near Cape Gat there is a

8m5 sof thealilm y ndu that beyond -MwgeTace of thes two distnc wars, and the MAW
the kof A a ft don asm flow of A continues is deflected Southward toward Oran on the Algeia

Odug " theMO Own -Apd I COWL. Near the coast some of the MAW is retauned
S'3, ~ ~ ~ ~ w whs wpb sntq ell s It per within the anticyclonic circulation of the gamo while

*ha to oekf wsk nthe li@5ul of toe Isalam Al- the remalide continues eastward to form the Algerian
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the physical, chemical, and biological data of the field
invatitaron to define the main physical characteristics
of this density front (section 3); and finally, we discuss
4kontal structure and induced circulation, and then de-
velopasimple dynamical explanation of the front (sec-
tion 4).

2. The satelle hagery and space shuttle photographs

In preparation for the WMCE studies of the Al-
mena-Oran Front, a brief field study was conducted
in October 1984 using infrared satellite imagery, an
aircraft and the U.S. space shuttle (Mission STS-4 I-
G). Working in unison with the shuttle crew, the air-
craft scientisut made flights over the area, dropping air-
borne expndable bathythermogaphs (XBTs) to obtain
vertical temperature sections of the front that were
concurrent with the shuttle photographs and satellite
infrared imagery.

Figure 3a is a mosaic made from 3 of the more than
15 shuttle photographs taken of the area. The geo-

FIG. 2L A NOAA-7 AVHRR-IR imW Of Albonm Sea dXwimk graphic location of the mosaic in relation to the front
only one anticy lonic the Western Atborn Gym 1U Ant jl is shown by the NOAA infrared image included in the

m yresituation gradually chaned over a four-week period to two fuil figure. The shuttle photographs show the sun's reflec-
m as in Ft I (Heburn and La Violette 198S). tion off the roughened sea surface. Since, in addition

to wind stress and air-sea temperature differences, the
Current, The result is that the eastern edge ofthe__ E-sea's roughness varies with vertical and horizontal water
ern Gyre forms a well-defined frontal zone that can be movement, surface u roughness patterns can delneateseenin ostof he ateliteimaery Ths itene ~ ocean events involving circulation. The roughness pat-
seen in most of the sateite imer. This intense per- tern displayed in the mosaic is partially a direct result

of the vertical and horizontal circulation of the Al-the principal focus of this paper.th rni Al ocus of thes noie meria-Oran Front. (The prominent east-west lines in
Although the Almeria--On Front has been notice- the photographs are ship tracks. Their displacement

able in regional studies of satellite infrared imagery for across the front provides a qualitative indication of the
several years (e.g., Philippe and Harng 1982; Skamer, current shear.)
any issue from 1983 on), no detailed in situ investi- Theaircraf infrared thermal scanner (uncalibrated)
dation had been made prior to tlb oan Sa studio and search radar showed manifestations of the frontdot indeeot (e.o, ALbani 4 that coincided with the features displayed in the mosaic.

do not indicate a front (e.g. Lanobt 1974;' Cheney MotipralytharbneX ssowdaem
1977), nor have earlier numerical models inuded Most importantly, the airborne XBTs showed a ter -feature (e.g., Prehle and Hulbeit 1982). If anything, perature contrast of approximately 2°C across the
these studies refe a cyclonic cir98ton in t eaten front, and a deepening and weakening of the ther-thew astuin re l 2) c i c o in tmocline on its western side. Thus, they provided proofthe n oa b r Fimg2 conditiohe ofe yre show that the photographic and infrared displays of the Al-they were anomalous what are "nofl" cohe om? mea-Orn Front revealed not just surface phenomenaOne of te ainm of the Weseua Mediterrnea Or but subsurface structure.culatiew te aimet Wetrn (La Vilette 197) io Boed on the results of the space shuttle/aircraft sur-
inveltpte these quesiom and a series ofin sit in- vey and peristence of the feature in the satellite im-

he m ink & qspry, the oceanographic cruise discussed in the next
Sths paper, we prus the results of a Add inves- section was planned and conducted.

tIte of the Almerk-fta Front, whWh was con-
ducted a pMr of lhW 10% winte campaign of the 3.11 sne .CIikWI crulu.
WUME De e tbi. the AM Inensd" fiaed iy a. Data
Of the *OK, it f pl as tao espomtory knusti-

of Of e d ofh. frou t As a la_, this From 11 to 15 March 1986, a held study of the Al-
0t*eh N110ib y wktm of the WMCE meft-Oft Front was conducted from the R/V Garcia

Iawiien.We Iwo pss a Ivc doweupdo- o-1 def Cai The ol~e was to study the structure of the
the6 uto W1 - WooE Im sad owac shWide pb front using continuous recorded surface temperature
ti m e 2); we t co6n the ft aomae of in CoMblnatn with XMrs, cooductivity-tempera-

" -,

• , .. ..,. .. . .{: _ . _ _ _ ._ .. .+
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50'

4' Cape Gata lj

30 19 Z 016o

30' 12c

Pia. 4. (a) The Il-IS Maurch cruise track of the RI V Garcia del Ci d diotion of the ocean stations. Note that the track was interIrupted
at Station 10 for 316 hours due to a storma. (hi Location of the cris track an relation to the front as deined by a NOAA AVHRR-IR image
for 41Ma ih.

ture--depth (CTD) casts, and vertical sampling of sa- ities were measured using a Beckman induction sai-
linity, nitrates, oxyg~en and chlorophyll. A last-minute nonteter. Nitrates were analyzed with a Technicon
breakdown of the CTD forced reliance on XBTs and Auto-Analyzer following the method described by

*hydrograplhic casts fr the veIlical sampling. As a result, Strickland and Parsons (1972). Oxyglen concentrations
Sthe station spcn is much core than originally were obtained using the Winkler method described by

planned. Niskin bottes were placed at the stndr Strickland and Parsons (1972) and chlorophyll con-
- depth leveliE 0, 10, 20, 30, 50, 75, 100, 1 50, 200, 250, centrations by the technique of Jeffrey and Humphrey

300, 400 and 500 m. Spatial surface continuity was (1975).
mied us surface temperature salinity and ni- Ship positions were obtained usn satellite naviga-

trt continuouts reo m tion. The cruise track and station locations are shown
Su'faoe tempeaue and alinities were monitored in Fg. 4a. The cruise was interrupted after Station 10

with a Orundy MK2 thermoemlinlograph. Bottle salin- due to a strong westerly wind (20 m s-t) and was re-

-n Ia nas sedse bm* to thethetis m a disc bu m a dichtd. wse~d l , who m distotio i dem is b th amun of

(b) A NO)AA AUI hl , when Iqlaiy 3 haors afde th dthut'h pu ives the Ilpapaphic kmadam ofthe momic.

101 o \

!2
k- *"36. -. . 8Z .1// 'K / ...... ..... ,.. . ...

. ~ ~ ~ 2 iV, .:. ,I*E:,.,... ,.
."'- 4..i (a) The 11-15 March,', cruisei" trac of / oiino h ca ttos oeta i rc a nerpe
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The surface data also revealed another factor. The s0
arrows in Fig. 5 point to a zone of uniform surface 1  E

temperature just west of the sharp salinity/temperature 1%7/

change, which suggests intense upward motion or mix- 30, 19 1o ,2
ing. This zone, which appeared on the western side of /5",
the front in all sections, was approximately I km wide 2 1o 7\0 1 4 0

for the first two crossings and wider (about 2 km) in 13 X ' 3 A
the northern sections. Surface nitrate levels were gen- X I 2

erally higher on the western side of the front, apparently * . o
in conjunction with this region of uniform temperature. 2 30' ,-
Although low (0.2-0.3 pmol I- ) immediately at the ( 6 STATION NUMBER 5
front (Station 18). surface nitrate values increased 2 = -__ 5__ ______
km west of the front and reached a maximum of slightly
more than I #mol l-' at 3 km. The width of the max- 100.
imum surface nitrate area was approximately 7 km 3(Fig. 6). 0 . --

2) CROSS-FRONT STRUCTURE - 55

The vertical structure of the density front is well
demonstrated for Sections B and C in Figs. 7a and 7b. 400 -- -

At the surface, an intrusion of warm MAW can be N0§ + NOi
observed in the upper 10 m between Stations 7 and 6 50 NO +

of Section B. At depth in both Sections B and C, tem- fh) 9 10 11 12
perature, salinity and density isolines generally tilt up- SuWcC I .
ward toward the east, indicating strong vertical move-
ment. o. 1

Figures 8a and 8b show the vertical nitrate/nitrite
distribution across the front along Sections B and C 200
(for emphasis, the 28.4 isopycnal has been added as a
dashed line in the figure). Along Section B, very low
concentrations were observed in the surface layer near30
the front (Station 5), and at 75 and 200 m to the east
of the front (Stations 6 and 7). Figure 9 uses nitrate/ 400
sigma-t coordinates to show that these relative minima W + H o

lie over the same isopycnal surface: 28.4.
The oxygen and nitrogen data can be used as tracers Frn C

of the subsurface circulation. Fgures 8b and 8c indicate . 5
that oxygen and nitrate/nitrites followed similar pat- 100
terns in the sigma-t field, and that the relative oxygen 25

maximum also coincided with the 28.4 isopycnal (ox-
ygen sampling was not done at all stations along Section no~
B; thus no oxygen section is presented). The existence
of the nitrate minima and oxygen maxima at different 3W
depths but on the same isopycnal surface suggests an
along-isopycnal displacement, or sinking, ofwater that 400
had odiinally been at the strface. This alon-isopycnal
flow appea to have occurrd along both Sections B 50C
and C (although the deeper movement along Section FIG. 8. Vertical nitrogen d for (a) Section B, and (b)
C may possibly be due to the distortion of the surface Secti C. Vericalngen dibution fo Section C (c). The d he
layer by the 36-hour period of high winds). ,ie r nts the deth of the 2.4 isopycn.

The onboard echosounder (38 kHz) presents further
evidence ofthis type of circtlation. For example, along
Section ., it dimdy registered a distortion of the scat- obwtrved. Higher signal echo and intensity were found
tering layer wus the front between Stations 17 and along tilted surfaces whose intersection with the surface
19 (Fig. 10). At te surfoe fient (Station 18), an intense coincided with the increase of surface nitrate concen-

Swas detected, while wutwat (Le., toward Station trations. The slope of both the echosounder lines and
i9), this signal weakened and a layered structure was the isopycnal suffaces between Stations 18 and 19 was

In_
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NITRATES NITRATES
0 2 4 6 8 10 0 2 4 6 8 10

0 -26.8
27.2 tyt., TTO

100 STATION 5 STATION 7

27.6 A.!STATION.
.200 I. ~ STATION>"-

200 • +"28.0 6
L" 300 STATION 7 24ST O

STATION 6 28.8 -

500 1 1 29.2
Fia. 9. Vertical nitrogen versus depth (a) and sigrma-t (b) for section B.

estimated to be the same-O.009-suggesting that the taking place in the upper 50 m below the surface po-
targets were also distributed along isopycnals. sition of the front (Fig. 11).

The biological data also indicate strong vertical and
horizontal movement near the front. The vertical 3) ALONG-FRONT STRUCTURE

chlorophyll distribution along Section B, for example, A striking along-front uniformity was observed, with
indicates that strong vertical motion or mixing was a strong vertical gradient between 50 and 100 m (Sec-

Cape Gata 1 E

30' 19 1"D 12C14/ 
15

80",/ F o

, / 420 ,3o/ ' 0 / 11 /
10.- - t 6/./

36ON 8o 7o1

20 31E

19 18 17

SW. 10. B d"Wmgder CIMrl for SCedo B.

1 ._..,________ ____,__.____ 1
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- "(Parrila and Kinder 1987). The surface dynamic height
ca 17.E indicates a surface jet of approximately 100 cm s-1

MY " Is. centered between Stations6 and 7 (Fig. 14) inF'W 13,
16 12 iSection B shows a strong horizontal shear in the cross-

W 3o]. 147" c "front direction and high currents in the upper 50 m
S/ 4s west of the surface front. The current is surface-inten-

2O ~ 10sified and stronger on the western side of the front3 3 A In the southern region, two cyclonic eddies are ob-
-0 " served, with denser waters found east of lighter waters

8 7.0 (Fig. 13a). At 75 m, Fig. 13b shows that the expected

* 3-' density distribution with denser water on the eastern
side was already present (the instability observed in the
surface sigma-t field appears as a meander at 75 in).

STATION NUMBER The length scale ofthis instability is about 20 kin, which
7 6 4 is similar to the barocinic Rossby radius LD = 20 km

0 (withN-=6Xl0s-andH = 300m).
/.2 .No current meters were used during the ship study,

20 - so we cannot compare these computed values with ac-
tualcurrent measurements. However, a rough estimate,

0.6 based on the ship's drift in calm seas and a 3 m s-'
•4o i. r - wind from Station 15 to 16 (very close to the surface

- /"front) and using two very close satellite fixes (69 min-
. .60/ utes apart), indicated a surfie current of I m s-' to-

ward the south-southwest (200-T). This value is similar
to the computed geostrophic current, and the current

80- 0- direction indicates a strong ageostrophic cross-frontal
0C circulation.

_ _100 _ The appearance of the strong surface convergence
at the front indicates that intense vertical motions must

FIG. 11. Vertical clorophyll disbibution for Section B. have been taking place. In order to study the subsurface
features in relation to the observed surface convergence,
Station 18 was deliberately positioned directly over the

tion F, Fig. 12a). Fiumre 12b shows the horizontal vari- surface discontinuity. At this station, a low surface
ation in depth of the 28.2 isopycnal surface, and in concentration of nitrate was found. The sudden in-
effect, demonstrates the variation in depth of the nitrate crease in nitrate concentration detected west of the sta-
minima and oxygen maxima (see Fgs. 8 and 9). Hor- tion (Fig. 6) coincides with the beginning of the zone
izontal cuts at differemt levels also show the nitrate/ of uniform surface temperature (Fig. 5) and the inter-
pycnal relationship (Figs. 13a, b). At 30 m, very low section of the echosounder lines with the sea surface
nitrate concentrations (lower than 0.3 pmol I-') were (Fig. 10). Similar features characteristic of upwelling
detected at Stations 12, 16 and 18, while relative nitrate were found at Section B, with high nutrient and low
maxima were found at 75 m at Stations 19 and 14. oxygen concentrations at Station 6 (20 km west of the

surface front), and low nutrient and high oxygen con-
4. centrations at Station 5 (3.5 km east of the surface
4. Discussion front).

Aa in most om density fronts, higher biological
The Aiuia-Oran fro is a bapcale denity frot activity was oberved (f 10).The hisher biological

(Ro - 0.3) formed by the converee of two very activity often found in frontal regions (Savidge 1976;
distinct wow manes. The circulation amociated with Houghton and Marrs 1983) is believed to be associateda surce buoyant infiow was studied by Kao et al. with the cros-fiontal circulation induced by nonlinear

(1977) and the mutual intruion of a grat cure t and fiotion form (James 1978; Simpson and James
wa niwud by Wag (1984). Aoidng to thu 1986). However, the exience of a complex "multi-
nume studies, a stationay fhaot in qumlgo. cell" d latio(Mooer et aL 1978) associted with! a nvba ele is ah We have twhu .lav- dooft hats has lm bun a controvmW suti

-l U deng&fm pt ls NJubeer (kink 197). In our cam de aua circulation
and Iav m1 .Sm gSW h1 11mi e Id a1nw11 ao yn s dng made "d wh

U60 2i . 61at te rc oonvapms w of Me thew aad an up-
hula. nd SW0 sifn ath usduewif weoftui thm befont.

a so~gd I clig sI oiIh at aom n 1 am -  nlling re siou. m a td fi 'om Fig,

- , 
I'
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XBT data shows that the Almeria-Oran Front is a GEOSTROPHIC VELOCITY (cm/sI
sharp density front limited to the upper 300 m, with a o0 20 40 60 80 100
strong baroclinic jet in the upper 50 to 75 mn. The front
appears to be controlled by the size and position of the
Eastern Alboran Sea Gyre. As a result, a strong flow5- .)
of Atlantdearived waters is contained near the Spanish
coast to a point south of Cape Gata. From this point
the water is deflected southeastward toward the African 100 -6-7
coast, where pert returns westward still entrained in -

the Eastern Alboran Gyre, and an apparently larger -
part continues eastward along the African coast. East
of Cape Gata, southward-flowing MW converges with J
the AW to form the well-defined, large-scale frontal ?E
zone we call the Almeria-Oran Front. The secondary - 200 -
circulation is characterized by surface convergence,
along-isopycnal sinking, and upwelling west of the sur-/
face front.

The initial investigation of the region was conducted
as part of a one-year WMCE field program. More stud- 30

3000

36*40'N- 
400Q

~' 't' FRo. 14. Geostwophic profiles between Stations 6 and I and Staton
C 5 and 6. Dynamic heights were computed from the hydropraphic
7 2825 data, assuming a reference height of 400 to rather than 500 m because

several Nisken bottles did not close at the 500 en depth.
36' 20'- X285 0-B

2.5A ies of the Almeria-Oran Front will be published as the
data from these field efforts are analyzed.
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